We fabricated selectively grown Ga-polar GaN nanorods by optimizing metal organic vapor phase epitaxy (MOVPE) growth parameters using continuous-and pulsed-mode approaches. Nucleation layers were grown using continuous mode with H 2 or N 2 as carrier gas, which resulted in pyramidal or hexagonal shapes, respectively. The growth mechanism of nanorods was further studied for the nucleation layer grown with the H 2 case, in which the pyramidal shape of the nucleation layer was observed to be flattened during the initial step of pulsed-mode growth and then evolved into nanorods by Ga clustering on the top c-plane. # 2013 The Japan Society of Applied Physics B ottom-up approaches for forming GaN nanorods have become a topic of interest because of their potential advantages in fabricating highly efficient optoelectronic devices.
B
ottom-up approaches for forming GaN nanorods have become a topic of interest because of their potential advantages in fabricating highly efficient optoelectronic devices. 1) Commonly used planar c-plane InGaN/GaN light-emitting diodes (LEDs) on sapphire substrates suffer from severe piezoelectric polarization due to the large lattice mismatch between GaN and InGaN, which leads to the quantum confined Stark effect (QCSE) and results in a reduced radiative recombination efficiency. 2) In addition, conventional c-plane structures on sapphire substrates have a high threading dislocation density of 10 9 -10 11 cm À2 , which also inhibits the device fabrication. 3) However, these strains and defects can be reduced by growing nanostructures on selectively opened areas. 4) For example, the exposed nonpolar planes (m-or a-planes) of GaN nanorods are known to reduce the piezoelectric polarization, even to zero, which can dramatically reduce the QCSE. 5) For coreshell type GaN nanorods, increasing the effective emission area by controlling the nanorod length can also be used to improve the efficiency. 6) Another advantage of nanorods is their function in fabricating LEDs having a longer wavelength, which also contain a higher indium composition. Furthermore, it has been reported that the emission color of LEDs can be tunable over a range including blue to red in the visible spectrum region by controlling either the nanorod size or the current density. 7, 8) Approaches used to grow GaN nanorods include vaporliquid-solid (VLS) growth, 9) self-assembled growth using molecular beam epitaxy (MBE), 10) and selective area growth (SAG) on available substrates. 11) In the case of SAG using metal organic vapor phase epitaxy (MOVPE) on a sapphire substrate, N-polar GaN nanorods having a continuous flux were demonstrated. 12) In this case, most of the SAG on the GaN templates resulted in pyramidal structures consisting of f10 " 11g semipolar planes, even though Choi et al. 13) have recently fabricated GaN nanorods down to $50 nm on the opening. Moreover, since Hersee et al. 11) introduced a pulsed-mode technique using MOVPE to grow Ga-polar GaN nanorods, a few research groups have succeeded in demonstrating GaN nanorods using this technique. 8, 14, 15) Recently, a growth mechanism for pulsed-mode MOVPE growth was also reported even though the growth conditions of the GaN nanorods should be tuned for each MOVPE system. 16) A short interruption process during pulsed-mode growth seems to be a core step for growing Ga-polar GaN nanorods using the MOVPE system. However, nucleation dependence on nanorod shape and morphology evolution from nucleation to fully grown GaN nanorods via a pulsedmode technique has required further study. To investigate these effects, we present experimental results of continuousmode growth for a nucleation layer, using H 2 and N 2 as carrier gases. We also report the pulsed-mode growth and optical characterization results of nanorods having different nucleation shapes.
To selectively grow GaN nanorods, SiO 2 hole arrays were formed on an n-GaN template. First, a 100-nm-thick SiO 2 mask layer was deposited using plasma-enhanced chemical vapor deposition on a 4-m-thick n-GaN template grown on a c-plane sapphire substrate. Then, SiO 2 circular hole arrays were formed using laser interference lithography and a conventional etch process; the circular openings had a diameter of $300 nm and period of $640 nm. The fabricated GaN template was subsequently loaded into a close-coupled showerhead MOVPE system. During the growth process, the pressure was maintained at 100 Torr and the temperature was controlled from 850 to 1050 C. Trimethylgallium (TMG) and ammonia (NH 3 ) were used as the gallium (Ga) and nitrogen (N) precursors, respectively. We carried out two separate series of experiments to investigate the effect of various growth parameters on i) nucleation formation and ii) the morphology evolution of the GaN nanorods. Figure 1 shows a schematic of the two experimental sets under continuous mode and pulsed mode with interruption. For continuous-mode growth, a TMG flow of 10 sccm and NH 3 flow of 1750 sccm were constantly supplied into the reactor under an H 2 or N 2 carrier in order to optimize the nucleation growth conditions. For pulsed-mode growth, a TMG flow of 25 sccm and NH 3 flow of 2000 sccm were used under an H 2 carrier after the nucleation process. For the pulsed-mode growth with interruptions, the cycle (20 s) consisted of the steps shown in Fig. 1 The structural morphologies of the grown samples were investigated by field-emission scanning electron microscopy (FE-SEM). Figures 2(a)-2(c) show SEM images of the selectively grown GaN obtained using the continuous-mode growth for 5 min under the H 2 carrier at 1050, 950, and 850 C, respectively. In our system, the precursor flows of TMG (10 sccm) and NH 3 (1750 sccm) used were relatively low compared with those under conventional growth conditions (TMG: 100 sccm, NH 3 : 8000 sccm). Note that we observed no grown structures at 1050 C under the H 2 carrier, due mostly to the high thermal decomposition; by decreasing the growth temperature, nanopyramid structures with f10 " 11g planes emerged at 950 C, which became further enlarged at 850 C in the H 2 carrier environment. The dominance of f10 " 11g semipolar planes has normally been attributed to the slow growth of the f10 " 11g plane resulting from hydrogen passivation during the NH 3 dissociation process, the growth kinetics of which have been reported. 17) In contrast, the growth features under the N 2 carrier were completely different from the H 2 case.
show the SEM images of the selectively grown GaN for 5 min in the N 2 carrier environment at 1050, 950, and 850 C, respectively; the same precursor flows were used as in the H 2 case. We observed no merged structure at 850 C, just a partial coalescence at the circular hole sidewalls [ Fig. 2(f ) ]. By increasing the growth temperature, a c-plane-dominant planar morphology with partial semipolar sidewalls appeared, indicating the relatively higher lateral growth rate under the N 2 carrier than under the H 2 carrier. Considering that the plane with the slowest growth rate emerged during SAG, 18) growth was deemed to be less affected by hydrogen passivation under the N 2 carrier than under the H 2 carrier, enabling an enhanced lateral growth rate to fill the SiO 2 holes. From these results, one advantage is that we obtained an appropriate nucleation condition for nanorod growth: filling SiO 2 holes using either a form of nanopyramid GaN or planar nanohexagon GaN, denoted using the red dashed box in Fig. 2 .
To investigate the dependence of different nucleation shapes on the development of nanorods during pulsed-mode growth with interruptions, nucleation types were then tested; one for a pyramid structure using an H 2 carrier [ Fig. 2(c)] , the other for a planar hexagon structure using an N 2 carrier [ Fig. 2(e) ]. Figure 3(a) shows the SEM images of the GaN nanorods grown at 900 C at an optimized interruption time (2 s) and 50 cycles under an H 2 carrier for the nanopyramid structure shown in Fig. 2(c) . Figure 3(b) shows the SEM image of GaN nanorods grown on the planar hexagon structure shown in Fig. 2(e) , under the same pulsed-mode growth conditions. The nanorod structures show a clear six fold-symmetric hexagonal cylinder structure with a (0001) polar plane on the top and six f1 " 100g nonpolar planes on the sidewalls, for both the planar nucleation layer under the N 2 carrier as well as the pyramidal-shaped nucleation layer obtained under the H 2 carrier. The enlarged diameter under the N 2 carrier is due to an extended area from enhanced lateral growth during the nucleation step. Figures 3(c) and  3(d) show the distribution of GaN nanorod diameters in a unit area (100 m 2 ) for the H 2 -and N 2 -used nucleation samples, respectively. In the GaN nanorods for the H 2 -used nucleation, the average diameter and height of the GaN nanorods were $445 AE 66 and $780 nm, respectively, showing a notably higher aspect ratio ($1:8) than the N 2 nucleation layer. In the GaN nanorods for the N 2 -used nucleation, the average diameter and height were $501 AE 61 and $490 nm, respectively, displaying a lower aspect ratio ($1:0). Figure 4 (a) presents the schematic for our proposed growth model in the H 2 carrier environment. In brief, (I) during the nucleation growth stage, the f10 " 11g semipolar nanopyramid is formed via continuous growth under the H 2 carrier. Then, (II) in the initial pulsed-growth step under temperature ramping, f10 " 11g semipolar planes decline, revealing the c-plane surface, possibly due to the more suppressed hydrogen passivation on the N-terminated semipolar planes than on the c-plane surface. 17, 19) (III) Ga atoms are clustered on the c-plane due to Ga migration from the near nonpolar/semipolar surfaces because of the higher Ga sticking coefficient on the c-plane than on the nonpolar planes. longer along the c-axis due to repetition of the pulsed growth. Next, to further investigate the morphology evolution process of GaN nanorods, cross-sectional SEM images were taken after 0, 5, 20, and 50 cycles of pulsed-mode growth with interruptions under the H 2 carrier [Fig. 4(b) ]. In the images, the height of the nanopyramid structures in the nucleation phase clearly decreased, with an almost flat-top feature formed after only 5 cycles (100 s). Note that it took 30 s to ramp up the temperature from the nucleation phase (850 C) to the pulsed-growth phase (900 C) under the H 2 carrier. The structures were slightly clustered on the c-plane of GaN, with some partial hexagonal structures emerging after 20 cycles. After 50 cycles, the GaN nanorods were clearly formed.
To evaluate the optical properties during the different nanostructure phases, i.e., stages I-IV, we conducted cathodoluminescence (CL) measurements at room temperature (296 K) in spot mode [ Fig. 5(a) ]. Note that the measurement position was focused on the sidewall of each nanostructure, enabling us to estimate the biaxial strain state by analyzing the band edge peak position, which is known to shift to a longer wavelength (redshift) under tensile strain and a shorter wavelength (blueshift) under compressive strain. 21) We observed that the CL peak of the 5-cycle sample was redshifted by $18 meV during the planarization step (II), indicating a higher tensile strain than that of the nucleation layer. As the nanostructure phase progressed from the clustering stage (20-cycle sample) to the nanorod growth stage (50-cycle sample), the CL peak shifted slightly towards a shorter wavelength region.
For a quantitative analysis of the strain distribution in the GaN nanorods, micro-Raman scattering spectra were obtained for each nanostructure phase, at a laser excitation of 514.5 nm. To evaluate the biaxial strain of the GaN nanostructures, we compared the peak positions in E 2 mode [ Fig. 5(b) ]. In the figure, the straight dotted line denotes the E 2 peak of a strain-free GaN nanostructure (567.5 cm À1 ); 22) the overall E 2 peaks of the epitaxial structures are located at a longer frequency than that of the strain-free GaN, indicating a considerable compressive strain. Note that the E 2 peaks were determined by a Gaussian fitting to separate the peak originated from GaN template since the laser spot size ($3 Â 3 m 2 ) was larger than nanostructure size. Then, the E 2 peak of the 5-cycle sample is notably lower than that of the nucleation sample, and the peak became broader at a lower frequency, which can be attributed to the relatively relaxed strain during the planarization step. Using the relation ¼ Á!=4:3 cm À1 GPa À1 , 23) the strains were then estimated to be 0.58, 0.34, 0.51, and 0.54 GPa for the nucleation (0 cycle), planarization (5 cycle), clustering (20 cycle), and nanorod (50 cycle) samples, respectively.
For a further characterization of the local structures, transmission electron microscopy (TEM) was performed on a 50-cycle nanorod sample prepared using a focused ion beam (FIB) system. Figure 6(a) shows the TEM image of the nanorod sample (stage IV), which clearly exhibits a c-plane planar top surface with no dislocations. The lattice parameters were also estimated from the selective area electron diffraction (SAED) on the nanorod. Normally, the c=a ratio from lattice parameters is 1.627 for strain-free bulk GaN (c 0 ¼ 5:186 # A, a 0 ¼ 3:186 # A). 23) If the biaxial compressive strain is increased, the c=a ratio also increases due to the reduced a lattice and stretched c lattice. In these observations, the inherent GaN template had a c=a ratio of 1.91 at position P1 (c 1 ¼ 5:225 # A, a 1 ¼ 2:735 # A), indicating a highly compressive strain-as evident from the Raman spectra results in Fig. 5(b) . By moving the SAED measurement points from P2 to P4, the respective c=a ratios gradually reduced to 1.88, 1.87, and 1.85. (P1) to the upper GaN nanorods (P2-P4). The strongest near-band-edge emission observed at P1 is due to the thicker GaN template, compared with the other positions, since the electron penetration depth at an acceleraton voltage of 10 keV is $0:5 m.
24) The near-band-edge emission of the GaN template could be shifted by changing the spot positions, indicating that the inherent compressive strain in the GaN template on the sapphire substrate was mostly sustained, even at the top of GaN nanorods. However, the yellow band emission from the top of the GaN nanorods was dramatically reduced compared with other positions, due most likely to diminished defects. Thus, stretching the length of GaN nanorods is necessary in order to fabricate highly efficient GaN nanorod light-emitting devices.
In summary, we demonstrated the selective area growth of Ga-polar GaN nanorods using the pulsed-flux MOVPE method for different nucleation layer shapes. The nucleation layers were grown by a continuous-mode approach using H 2 or N 2 as carrier gas, resulting in pyramidal or hexagon shapes, respectively. These different shapes of nucleation layers influenced the size of GaN nanorods after pulsedmode growth, indicating size controllability. The average diameters of structures obtained using N 2 and H 2 nucleations were $501 and 445 nm, at respective aspect ratios of $1 and $1:8. The growth mechanism of these nanorods was further studied by investigating the nucleation layer grown with H 2 carrier gas. By exposing the H 2 carrier during the entire GaN nanorod growth procedure, the nanopyramid structures were flattened in the initial growth phase, and GaN nanorods then evolved due to Ga clustering on top of the nucleation. This morphology evolution of GaN nanorods resulted in a slight relaxation of the compressive strain of pristine GaN films at the early growth stage and reduced the yellow band emission during the nanorod growth stage, thereby enhancing the crystalline quality.
